phytochrome B and PIF4 Regulate Stomatal Development in Response to Light Quantity  by Casson, Stuart A. et al.
Current Biology 19, 229–234, February 10, 2009 ª2009 Elsevier Ltd All rights reserved DOI 10.1016/j.cub.2008.12.046Report
phytochrome B and PIF4 Regulate
Stomatal Development in Response
to Light QuantityStuart A. Casson,1 Keara A. Franklin,2 Julie E. Gray,3
Claire S. Grierson,1 Garry C. Whitelam,2,4
and Alistair M. Hetherington1,*
1School of Biological Sciences
University of Bristol
Woodland Road
Bristol BS8 1UG
UK
2Department of Biology
University of Leicester
University Road
Leicester LE1 7RH
UK
3Department of Molecular Biology and Biotechnology
University of Sheffield
Firth Court, Western Bank
Sheffield S10 2TN
UK
Summary
Stomata are pores on the surfaces of leaves that regulate
gas exchange between the plant interior and the atmosphere
[1]. Plants adapt to changing environmental conditions in
the short term by adjusting the aperture of the stomatal
pores, whereas longer-term changes are accomplished by
altering the proportion of stomata that develop on the leaf
surface [2, 3]. Although recent work has identified genes
involved in the control of stomatal development [4], we
know very little about how stomatal development is modu-
lated by environmental signals, such as light. Here, we
show that mature leaves of Arabidopsis grown at higher
photon irradiances show significant increases in stomatal
index (S.I.) [5] compared to those grown at lower photon irra-
diances. Light quantity-mediated changes in S.I. occur in red
light, suggesting that phytochrome photoreceptors [6]
are involved. By using a genetic approach, we demonstrate
that this response is dominated by phytochrome B and also
identify a role for the transcription factor, PHYTOCHROME-
INTERACTING FACTOR 4 (PIF4) [7]. In sum, we identify
a photoreceptor and downstream signaling protein involved
in light-mediated control of stomatal development, thereby
establishing a tractable system for investigating how an envi-
ronmental signal modulates stomatal development.
Results and Discussion
Increased Photon Irradiance Mediates Changes
in Stomatal Development
Light is one of the most important signals controlling plant
development [8]. For example, increased photon irradiance
results in significant increases in stomatal index (S.I., the ratio
of the number of stomata in a given area divided by the total
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4Deceasednumber of stomata and other epidermal cells in that same
area) [9, 10], indicating that light influences stomatal develop-
ment. To investigate the molecular basis of this response,
we first established that stomatal indices in Arabidopsis
accessions Col-0 and Ws were higher in plants grown at
175 mmol m22 s21 compared with plants grown at 50 mmol m22
s21 white light (Figure 1A). In both accessions, plants grown at
175 mmol m22 s21 had stomatal and epidermal cell densities
higher than those observed at 50 mmol m22 s21 (Figure S1A
available online). The increase in stomatal index between
plants grown at these photon irradiances must, therefore, be
due to a proportionally greater increase in stomatal numbers,
and, hence, it can be concluded that light signals positively
influence stomatal fate. It should be noted that, in these and
all subsequent experiments, stomatal spacing was not
affected, and no clustering was observed. We hypothesized
that this change in the developmental program of leaf
epidermal cells in response to light quantity could be mediated
by plant photoreceptors. These belong to three main families:
the red and far-red light-sensing phytochromes and the blue
and UV-A light-sensing cryptochromes and phototropins
[11]. To investigate whether phytochromes were involved in
the light-mediated control of stomatal development, we
measured the stomatal index of plants grown under different
photon irradiances of monochromatic red light (conditions in
which only the phytochromes and not other plant photorecep-
tors are active). We showed that the stomatal index of plants
grown under the higher photon irradiances of red light was
significantly higher than that grown at the lower irradiance
(Col-0 p value = 3.5 3 1025; Ws p value = 2.2 3 1023) (Fig-
ure 1B). For the Ws accession, the cell density data mimicked
the results observed in white light, whereas, in Col-0, only
stomatal density increased significantly at the higher photon
irradiance of red light, suggesting accession-specific differ-
ences in cell division activity in the different light regimes,
which may include a differential response between the two
accessions to blue light (Figure S1B). Taken together, these
results indicate that the phytochromes have a role to play in
mediating changes in stomatal development in response to
changes in light quantity.
phytochrome B Is the Dominant Photoreceptor Required
for Light Quantity-Mediated Changes in Stomatal
Development
In Arabidopsis, there are five members of the phytochrome
gene family (PHYA toPHYE) [12]. To investigate which member
or members are involved in the regulation of stomatal develop-
ment, we measured stomatal indices in mutants defective in
the separate phytochrome genes. We did not investigate
stomatal development in phyE mutants. This is because the
only available alleles of this gene are in the Ler accession
[13]. Given that the ERECTA gene encodes a putative
leucine-rich receptor and erecta mutants are characterized
by, among other abnormalities, alterations to stomatal density
and leaf morphology compared with the appropriate control
[14, 15], we felt it was inappropriate to work on this material. In
addition, S.I. in the Ler accession (15.2% at 175 mmol m22 s21)
was significantly lower than Col-0 or Ws under all photon
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230irradiances. Furthermore, it did not show a robust response
between the different photon irradiances, suggesting that the
ermutation (or other accession-specific factors) may be domi-
nant to the light quantity signal.
When grown in white light at 175 mmol m22 s21 or 50 mmol
m22 s21, neither single mutants in phyA and phyC nor a phyAC
double mutant showed any significant difference in stomatal
index compared with the Col-0 wild-type (also see below).
By way of contrast, at the higher photon irradiance, plants
defective in phyB, either as the single mutant or the phyBC
and phyAB double mutants (phyAB p value = 0.001; data not
shown), showed a significant reduction in stomatal index
compared with the Col-0 wild-type. Consistent with the
suggestion that phyB, but not phyA or phyC, contributes
significantly to the control of stomatal development, at the
photon irradiances used in these experiments, we found that
stomatal indices in the phyBC double mutants (and phyAB;
data not shown) were not significantly different than those in
the phyB single mutant (Figure 2A).
To investigate whether phyD has a role to play in this
response, we examined the stomatal index of the Arabidopsis
Ws accession, which is naturally defective in phyD [16]. An
introgressed PHYD line ([16]; Figure 2B, Ws+D) did not show
a significant difference to the Ws control, indicating that, as
with phyA and phyC mutants in Col-0, phyD does not appear
to contribute significantly to this response under these condi-
tions. Furthermore, no significant change in stomatal index
Figure 1. Stomatal Index Changes in Response to Light Quantity
(A) The S.I. of mature leaves of Arabidopsis accessions Col-0 and Ws grown
in white light at either 50 mmol m22 s21 or 175 mmol m22 s21. Mean values are
shown with error bars indicating SEM. Asterisks indicate significant differ-
ence in S.I. between plants grown at the different light quantities. Col-0
p value = 2.7 3 1027; Ws p value = 4.9 3 1027.
(B) The S.I. of mature leaves of Arabidopsis accessions Col-0 and Ws grown
in monochromatic red light at either 65 mmol m22 s21 or 130 mmol m22 s21.
Mean values are shown with error bars indicating SEM. Asterisks indicate
significant difference in S.I. between plants grown at the different light
quantities. Col-0 p value = 3.5 3 1025; Ws p value = 2.2 3 1023.was observed in phyAD/CD/ACD mutants (accession Ws),
indicating that these family members are not acting redun-
dantly in this response. This is significant given that, in Col-0,
the stomatal index of phyAC mutant is reduced, but not signif-
icantly, compared with the control. Therefore, by examining
both accessions, we conclude that phyA and phyC are unlikely
to be acting in concert to redundantly regulate this response.
However, as was observed in Col-0, mutants defective in
phyB (phyBD and phyBCD, p values = 7.0 3 1024 and 8.9 3
1024, respectively) did show a significant reduction in stomatal
index when grown in white light at 175 mmol m22 s21, verifying
the requirement for phyB in mediating this response. Interest-
ingly, unlike Col-0, phyB mutants in the Ws accession also
showed significantly reduced stomatal indices at the lower
photon irradiance, suggesting that other accession-specific
factors may control the sensitivity of this response to light
quantity. In the Ws accession, it is apparent that the reduction
in stomatal indices observed in genotypes defective in phyB is
due to increases in epidermal cell number because stomatal
density is relatively stable (Figures S2C and S2D). This is not
so evident in the Col-0 accession in which the general trend
was for reduced stomatal and epidermal cell densities in all
Figure 2. phytochrome B Is Required to Mediate Changes in S.I. in
Response to Light Quantity
(A) The S.I. of mature leaves of phytochrome mutants, accession Col-0,
grown in white light at 50 mmol m22 s21 or 175 mmol m22 s21. Mean values
are shown with error bars indicating SEM. Asterisks indicate significant
difference in S.I. compared to the control (Col-0) under the same light condi-
tions. phyB p value = 0.014; phyBC p value = 0.049.
(B) The S.I. of mature leaves of phytochrome mutants, accession Ws, grown
in white light at 50 mmol m22 s21 or 175 mmol m22 s21. Mean values are
shown with error bars indicating SEM. Asterisks indicate significant differ-
ence in S.I. compared to the control (Ws) under the same light conditions.
phyBD p value = 7.0 3 1024 at 175 mmol m22 s21 and 4.8 3 1024 at
50 mmol m22 s21. phyBCD p value = 8.9 3 1024 at 175 mmol m22 s21 and
5.1 3 1024 at 50 mmol m22 s21.
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Dependent Manner to Mediate Changes in
Stomatal Index
(A) The S.I. of mature leaves of pif mutants,
accession Col-0, grown in white light at 50 mmol
m22 s21 or 175 mmol m22 s21. Mean values are
shown with error bars indicating SEM. Asterisks
indicate significant difference in S.I. compared
to the control (Col-0) under the same light condi-
tions. pif4 p value = 3.53 1023; pif4 pif5 p value =
0.041.
(B) The S.I. of mature leaves of plants grown in
monochromatic red light at 130 mmol m22 s21.
Mean values are shown with error bars indicating
SEM. Asterisks indicate significant difference in
S.I. compared to the control. pif4 (Col-0) p value =
5.6 3 1023; phyB (Col-0) p value = 1.1 3 1025;
phyBD (Ws) p value = 6.9 3 1026.
(C) S.I. of mature leaves of plants grown in
white light at 175 mmol m22 s21. Mean values
are shown with error bars indicating SEM.
Asterisks indicate significant difference in S.I.
compared to the control. pif4 p value = 0.01; phyB p value = 3.1 3 1026; phyB pif4 p value = 2.2 3 1028. s indicates that the pif4 epidermal phenotype
is not the same as phyB, whereas = indicates that phyB and phyB pif4 mutants are phenotypically indistinguishable.phytochrome mutants grown at 175 mmol m22 s21 compared
with the wild-type control (Figures S2A and S2B). The reduced
stomatal indices of the phyB mutant genotypes at 175 mmol
m22 s21 compared with those of the Col-0 wild-type is, there-
fore, likely to be due to either a proportionally smaller light-
induced increase in stomatal number or a proportionally
greater light-induced increase in epidermal cell number in
phyB mutant genotypes—or due to both of these possibilities
operating in parallel. What is evident is that, whereas the
phytochrome mutants in the two accessions show different
cell density responses, the common output is a reduction in
stomatal index in phyB mutant genotypes.
From these results and those from the plants grown in
monochromatic red light, it is possible to conclude that light
quantity-induced changes in stomatal index and, therefore,
stomatal development are mediated, at least in part, by the
phytochrome family of photoreceptors, with phyB assuming
the dominant role. Whereas mutations in PHYA, PHYC, and
PHYD do have effects on cell density, significant changes in
stomatal index are not observed, and, therefore, they do not
appear to contribute significantly under these conditions,
although it is possible that they work redundantly in combina-
tion with phyE, which was not tested in this study.
PIF4 Acts in a phytochrome-Dependent Manner to Mediate
Changes in Stomatal Index
Following photoactivation, phyB has been shown to translo-
cate from the cytoplasm to the nucleus [17, 18], a step that is
crucial with respect to phyB function [19]. Within the nucleus,
active phytochromes have been shown to interact with the
phytochrome-interacting factors (PIFs), which consist of
several closely related bHLH transcription factors [20]. Several
studies have now confirmed mechanisms and regulatory roles
for PIFs in regulating phytochrome signaling [7, 21–27]. Given
their role in phytochrome signaling, we used mutants defective
in PIF3, PIF4, PIF5, and PIF6 to assess whether these PIFs
mediate changes in stomatal index in response to light. The
stomatal indices of pif3, pif5, and pif6 mutants were not signif-
icantly different from those of the wild-type (Col-0) at the
higher photon irradiance. By contrast, when grown at the
higher irradiance and in comparison to Col-0, pif4 (p value =
3.5 3 1023) and a pif4 pif5 double mutant (p value = 0.041)showed significantly reduced stomatal indices (Figure 3A), as
well as reduced stomatal densities (Figures S3A and S3B),
consistent with a role for PIF4 in the control of this response.
In addition, because there was no additive effect evident in
pif4 pif5 plants with regards to their stomatal index, we
conclude that PIF5 does not contribute to the control of
stomatal development under the growth conditions that we
have used (Figure 3A). As with the phytochrome mutants in
the Col-0 accession, no significant difference in stomatal index
was found in plants grown at the lower photon irradiance,
except for pif6 leaves, which showed an increase in stomatal
index (Figure 3A). Although it was not investigated further,
this latter result might indicate that, in the control of stomatal
development by light, individual PIFs may have photon irradi-
ance-specific effects.
To confirm the role of PIF4 in regulating stomatal develop-
ment in response to changes in light quantity and to determine
whether this response was dependent on phytochrome
signaling, we grew pif4 plants under red light at 130 mmol m22
s21 (leaf development was too retarded in these mutants at
lower photon irradiances to enable analysis). Under these
conditions, phyB mutants in the Arabidopsis accessions
Col-0 and Ws both showed significantly reduced stomatal
indices compared with those of their respective controls (Col-
0 p value = 1.1 3 1025; Ws p value = 6.9 3 1026), confirming
the dominant role of this photoreceptor in this response
(Figure 3B). pif4 mutants also showed an attenuated response
in red light (p value 5.6 3 1023), whereas pif5 mutants were
indistinguishable from the Col-0 control (Figure 3B). These
data confirm that PIF4 is required for light quantity-mediated
changes in stomatal development. We then asked whether
this response is dependent on phyB activity or whether PIF4
mediates this response in conjunction with other members of
the phytochrome gene family. The response of a phyB pif4
double mutant was examined and compared with both phyB
and pif4 mutants (see Figure S5 for plant phenotypes and
impressions). As was observed previously in both white and
red light, both of the single mutants had significantly reduced
stomatal indices at the higher photon irradiance (175 mmol
m22 s21; phyB p value = 3.1 3 1026; pif4 p value = 0.010). The
phyB pif4 mutant was found to be virtually indistinguishable
from the phyB single mutant (Figure 3C; data not shown)
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icantly different from that of the pif4 mutant, which suggests
that phyB may also influence this response via a PIF4-indepen-
dent pathway. Consistent with our previous findings, at the
lower photon irradiance (50 mmol m22 s21), no significant differ-
ences were observed between the mutant genotypes and the
Col-0 wild-type (data not shown). Therefore, both phyB and
pif4 mutants show attenuated responses to the higher photon
irradiances used in this study (Figures 2, 3A–3C, and S4). It
should be noted that plants deficient in phyB and PIF4 do not
show a complete inhibition of the response to changes in light
quantity. Other factors may, therefore, act either in concert or in
parallel to mediate this response, with phyB and PIF4 assuming
dominant roles. In conclusion, these data are, therefore,
consistent with PIF4 acting in a phyB-dependent manner to
modulate stomatal development in response to light signals.
The abaxial epidermal surface of Arabidopsis rosette leaves
consists mostly of either stomata or epidermal cells, predom-
inantly tessellated pavement cells in the fully differentiated
epidermis. Plants grown at the higher photon irradiances of
both white and red light used in this study show significant
increases in stomatal index, indicating that epidermal cell-
fate decisions are influenced by light quantity signals. At
increased photon irradiances, light is likely to regulate
stomatal index through positive influences on stomatal fate,
negative effects on pavement cell fate, or by controlling these
two processes in parallel; whatever the mechanism, the net
result is the same—an increase in stomatal index. The cell
density data for theArabidopsis accessions used in this study,
Col-0 and Ws, indicate that both accessions respond similarly
to white light but differently to red light (Figures S1A and S1B),
whereas the stomatal index response is consistent between
the accessions and the light regimes. We have only analyzed
the mature leaf phenotypes for these two accessions. From
these data, it is not possible to determine that the develop-
mental pathways by which these accessions respond to light
are the same. However, from analysis of the phytochrome
and pif mutants (Figures 2, 3, S2, and S3), it is evident that
cell-fate decisions in the epidermis are not simply correlated
with changes in stomatal or epidermal cell density. This is
particularly evident when considering the phytochrome
mutants. For example, in the Col-0 accession, phyA mutants
show reduced cell densities (both of stomata and epidermal
cells) at both 175 and 50 mmol m22 s21, whereas this is not
the case in phyAD mutants in the Ws accession (compared
with Ws [phyD]) (Figures S2A–S2D). Significantly, in both
Col-0 and Ws, phyA genotypes do not show differences in
stomatal index compared with their respective wild-type
controls. Also, both the pif4 and pif5 mutants show reductions
in cell density at both of the photon irradiances used in this
study, yet only pif4 mutants show a significantly reduced
stomatal index (at 175 mmol m22 s21). These data indicate
that the control of the proportion of cells in the epidermis
that are guard cells (stomatal index) may be distinguishable
in signaling terms from the pathway(s) that controls the final
number of cells that form per unit area (density), though further
experimentation will be required to examine this possibility.
The consequences, in terms of plant physiology and fitness,
remain to be determined.
Stomatal development is regulated at multiple levels [3, 4].
The initiation process and the spacing of divisions are
controlled by a presumed peptide-based signaling path-
way involving the peptide product of the EPIDERMAL
PATTERNING FACTOR 1 (EPF1) gene [28] and an independentpathway involving STOMATAL DISTRIBUTION AND DENSITY
1 (SDD1, encoding a putative subtilisin-like protease) [29].
Several members of the bHLH transcription factor family
have been shown to regulate stomatal development [30–33].
The closely related bHLH transcription factors SPEECHLESS
(SPCH), MUTE, and FAMA have been shown to regulate
consecutive steps in the differentiation pathway of stomata
[30–32]. Two more distantly related bHLH transcription
factors, ICE1/SCREAM and SCREAM2, are also required to
initiate the stomatal lineage and, through interactions with
SPCH, MUTE, and FAMA, are believed to modulate progres-
sion through the consecutive stages of stomatal development
[33]. Entry into the stomatal developmental pathway is, in part,
mediated by the leucine-rich repeat receptor-like protein TOO
MANY MOUTHS (TMM) [34], which is believed to form an
active complex at the cell surface with members of the
ERECTA family of LRR-RLK [14]. This putative complex is
then believed to signal through a MAP kinase signaling
pathway, headed by the putative MAP kinase kinase kinase
YODA [35], to negatively regulate stomatal development by
an as yet undetermined mechanism, potentially by targeting
the bHLH transcription factors that positively mediate the
steps in stomatal differentiation. Photoactivated phyB and
PIF4 are both nuclear factors [7, 19] and are, therefore, less
likely to interact with cell-surface receptors. In considering
possible mechanisms of action, it is interesting to note that
the bHLH transcription factors ICE1/SCM and SCM2 are able
to interact with SPCH, MUTE, and FAMA, interactions that
presumably influence the activity of these bHLH heterodimers
[33]. It is possible, therefore, that, as a member of the bHLH
family, PIF4 may influence the activity of the stomatal develop-
mental pathway by interactions with these core factors, with
phyB influencing the stability of these interactions via its inter-
actions with PIF4. It has been shown that the response to light
quantity, as well as to changes in carbon dioxide concentra-
tion, is mediated by mature leaves signaling to the developing
leaf primordia [10, 36]. Although this systemic signaling
response was not investigated in this study, it seems that
phyB is most likely to be necessary at the site of signal percep-
tion—the mature leaves—and, therefore, may be a component
of the signaling pathway responsible for the generation of
a putative systemic signal, though a role for phyB locally
cannot be discounted. PIF4 may act either in the mature leaves
downstream of phyB in the generation of such a signal, in the
developing leaf primordia by potentially interacting with the
stomatal pathway, or both locally and systemically to regulate
the response to light quantity. It is unusual that, in this study,
phyB and PIF4 both display positive roles in regulating
stomatal development in response to light quantity, given
that previous research has shown that PIF4 negatively regu-
lates phyB signaling [7, 23, 25, 26]. These studies have dealt
with responses that typically focus on cell elongation rather
than cellular differentiation as is the case here. Similar obser-
vations have been made for PIF3, which has been shown to
be both a positive and negative regulator of different aspects
of phytochrome signaling [24, 37, 38]. It is clear that an under-
standing of the mechanisms involved in this response will
require significant further experimentation.
To date, the only gene known to be involved in the control of
stomatal development in response to environmental signals is
theHIGHCARBONDIOXIDE (HIC) gene, which, by an unknown
mechanism, regulates stomatal development in plants grown
at elevated levels of carbon dioxide [39]. Here, we provide
evidence that a specific photoreceptor (phyB) and a putative
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chrome signaling are required in the increased photon irradi-
ance-mediated control of epidermal cell-fate decisions in
stomatal development. Not only does this work establish
a region of the light spectrum responsible for controlling
stomatal development together with the photoreceptor and
a putative transcription factor involved in the pathway, but it
also provides a tractable system for investigating how path-
ways from environmental signals interact with the basal
pathway responsible for the control of stomatal development.
Experimental Procedures
Plant Material and Growth Conditions
phytochrome mutant alleles for the Col-0 accession of Arabidopsis thaliana
were phyA-211 and phyB-9. phyC, phyAC, and phyBC have been described
[40]. phytochrome mutants in the Ws accession have been previously
described [41]. pif4, pif5, pif4 pif5, and phyB pif4 mutants have been previ-
ously described [26], as has pif3-1 [24]. A T-DNA insertion in the first exon of
the PIF6 gene (SALK_090239c) was obtained from the Nottingham Arabi-
dopsis Stock Centre, and homozygous plants were verified by PCR and
sequencing.
Arabidopsis plants were grown in growth chambers (Snijder Microclima
1000E, Snijder Scientific, The Netherlands) from seed in 3:1 mix of
compost-horticultural silver sand in short days (10 hr photoperiod, 70%
RH, 22C) at photon irradiances of either 175 or 50 mmol m22 s21 supplied
by fluorescent light (Brite Gro and T5). For monochromatic red light exper-
iments, densely packed light-emitting diodes provided light at lmax 665 nm
[42] at either 130 or 65mmol m22 s21, filtered through 20 mm water to remove
radiant heating (18 hr photoperiod, 22C).
Stomatal Counts
Impressions of the abaxial surface of mature rosette leaves, principal
growth stage 5.10 [43], were made with dental resin (President Jet Light
Body, Colte`ne/Whaledent, Burgess Hill, UK). Clear nail varnish was applied
to the set impression after removal from the leaf, and the varnish impres-
sions were viewed on a Zeiss Axiovert 200M inverted microscope and
imaged with Volocity software (Improvision Ltd, Coventry, UK). Stomatal
and epidermal cell counts were taken from three areas per leaf with three
leaves per plant from four separate plants, for a total of 36 measurements.
For the density data, the mean was calculated from the total number of
stomata or epidermal cells. The stomatal index was calculated for each
area individually, and the mean was then calculated from these data.
Stomatal index was calculated with the following formula: S.I. = [number
of stomata/(number of other epidermal cells + number of stomata)] 3 100.
For statistical analysis, an unpaired t test was performed on the data
following arcsine transformation, which was performed because stomatal
index is a proportion and not a direct measurement. Leaf area data are
provided in Figure S6.
Supplemental Data
Supplemental Data include six figures and can be found with this article on-
lineathttp://www.current-biology.com/supplemental/S0960-9822(09)00539-9.
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